Specific structural changes in Sc/Si multilayer mirrors irradiated with extreme ultraviolet (EUV) laser single pulses (λ = 46.9 nm) at near damage threshold fluences (0.04-0.23 J cm −2 ) are analysed. We have identified melting of surface layers as the basic degradation mechanism for the mirrors. Both heat generation during silicide formation and low heat conduction of the layered system significantly decreases the degradation threshold of Sc/Si multilayer mirrors compared with bulk materials. The results are relevant to the use of the multilayer mirrors for shaping and directing the intense beams produced by the new generation of coherent EUV sources.
Introduction
The development of high-reflectance extreme ultraviolet (EUV) and x-ray multilayer (ML) optics (1 < λ < 70 nm) has provided a successful solution of many basic and applied problems related to efficient manipulation of EUV beams. However, recent progress in EUV/x-ray sources of a new generation, e.g. free electron lasers (FEL) [1, 2] and compact capillary-discharge lasers [3, 4] , as well as synchrotron facilities [5] creates a new challenge in applications of ML optics.
Most of the earlier studies on the degradation of optical properties and the structural modification of the ML EUV/x-ray mirrors were conducted mainly for the thermal influence. These studies can be considered as reference background since any irradiation treatment of materials is always accompanied by heating. They also provide the ML survival temperature and help in distinguishing thermal effects from pure radiation-induced ones [6] . A large number of experimental investigations have been dedicated to this subject [7] [8] [9] [10] [11] [12] [13] , with some works focusing on the study of degradation mechanisms [14] [15] [16] [17] [18] [19] and others on different techniques for increasing thermal stability of the MLs [20] [21] [22] [23] .
The resistance of the ML mirrors to intense EUV/x-ray radiation has not been studied in such detail. The first efforts in this direction were made for hard x-rays in connection with the development of a facility to filter white synchrotron light [24] and the construction of a diagnostic instrument to characterize high-intensity sources [25] . Both conventional MLs such as W/C, W/B 4 C, W/Si, Mo/B 4 C, Mo/Si [6, [26] [27] [28] [29] and specially proposed ones (Mo/BN, W/BN [30] ) were tested. It was demonstrated that synchrotron light at power densities of ∼0.4 W mm −2 can warm the ML surface beyond 440
• C [26] . A correlation in ML stability between thermal and radiation tests was noticed [30] : more thermally stable MLs had higher radiation stability. Depending on the ML, the degradation is observed at power densities of 0.25-2.30 W mm −2 [6, 26, 30] for synchrotron light and at fluences ranging from 0.05 [27] up to 0.46 [25] J cm −2 for pulsed light. The degradation manifests itself in a shift or broadening of the reflecting maximum, decay of the reflectivity or their combination. Previous results also include the measurement of reflectivity dynamics for various MLs under x-ray plasma irradiation [27] [28] [29] exhibiting the ML performance stability on a picosecond timescale. The role of graphitization in the damage of carbon-based MLs is emphasized [7, 28, 31] . The degradation mechanisms suggested to be the reason for optical degradation are reactive diffusion of layers [26] and phase transformation within the individual layers [28] .
This decade new results concerning interaction of femtosecond-pulse light from FEL with matter are published. They are connected mainly with irreversible changes induced at the surfaces of metals, semiconductors and insulators both in bulk and thin-film states [32] to be used as materials for total reflection optics [33] . Different surface morphology modifications similar to those for visible laser (e.g. laserinduced periodic surface structure [33] ) but with finer features [34] are observed. There is also some evidence of non-thermal ablation during EUV irradiation of insulators [35] . Damage fluences for different materials in the range of 0.03-0.14 J cm −2 are evaluated [32, 36] . It is also shown both theoretically and experimentally that single-pulse damage threshold for homogeneous materials is comparable to their thermal melt threshold [32] .
Recently Mo/Si [37] and Si/C [38] MLs have been shown to keep their reflectivity under a FEL single-pulse irradiation on the timescale of ∼30 fs even at fluences higher than their damage thresholds. The damage fluences of ∼0.3 J cm −2 observed for the Si/C ML [38] are comparable to those for the component materials [32, 36] . In the irradiated region the layers recrystallize and interdiffuse. The damage is local in character and snaps the irradiated ML volume only.
Although the information on radiation stability and potentialities of ML optics is substantial, it is necessary to supply it with accompanying structural studies, which are very important for understanding the mechanisms of the damage [29] . At present, structural studies of radiationally damaged ML optics are practically absent. Mechanisms and thresholds of irradiation damage for many types of widely used ML mirrors and a variety of EUV/x-ray sources also remain to be studied, as well as methods to increase their radiation stability.
Herein we report results of studying the near-threshold damage (0.06-0.23 J cm −2 ) in Sc/Si ML mirrors irradiated with intense EUV laser pulses of nanosecond duration at 46.9 nm wavelength. Until now Sc/Si-based ML mirrors have the highest reflectivity in the wavelength range of 35-50 nm [39] . These types of mirrors were developed specifically [40] to manipulate the EUV beam from the pulsed Ne-like Ar capillary-discharge lasers [3, 4] . The high pulse energy of these lasers has been successfully utilized for the study of the reflectivity of Sc/Si ML mirrors, and, using a focused beam, for the ablation of materials [41, 42] . In our recent letter [43, 44] we reported on the damage threshold in Sc/Si mirrors under irradiation with the EUV laser. In this paper we expand the discussion on the damage mechanisms in Sc/Si ML mirrors based on the results of a detailed investigation of the structural changes in the irradiated mirrors. As in the case of the previous work, we take advantage of the unique characteristics of the capillary-discharge laser, which is at this point one of the brightest laser sources operating at 46.9 nm [45] .
Sample preparation and experimental methods
The Sc/Si ML samples were fabricated using dc magnetron sputtering by alternate deposition of Sc and Si layers onto substrates of polished Si wafers and borosilicate glass (RMS roughness σ ∼ 0.4-0.6 nm). The number of periods is 33. The ML coatings had a period of ∼27 nm that corresponds to a maximum reflectance for 46.9 nm radiation at normal incidence. The Sc-containing layer occupies approximately half of the period. Each ML coating is capped with a 7 nm thick Si layer to protect the ML coating from oxidation. In the as-deposited state the Sc/Si ML constitutes a periodic structure consisting of alternate layers of amorphous silicon (a-Si) and polycrystalline scandium (c-Sc) separated by amorphous interlayers of mixed Sc and Si. These interlayers are typically formed as a result of the interdiffusion of Sc and Si during the deposition process [46] . Interlayers have a composition and a density close to equiatomic silicide ScSi [46] . The reflectivity of the ML sample deposited on glass substrates studied in this work was measured to be ∼30% at 46.9 nm.
The Sc/Si ML samples were irradiated by focused EUV pulses from a 46.9 nm capillary-discharge Ne-like Ar laser operating at a repetition rate of 1 Hz. Each pulse exposed a different region of the sample surface. The laser was set to operate with an energy of ∼0.13 mJ in a pulse, whereas the pulse duration was ∼1.2 ns. The far-field laser beam profile has an annular shape with a peak-to-peak divergence of about 4.6 mrad [3] . Because of this intensity distribution hereinafter we shall utilize mean values of fluences except for the cases where accounting for the exact beam shape is important. The shot-to-shot variation of the laser intensity is ∼15%.
The beam was focused onto flat ML samples with dimensions of ∼3×7 mm 2 by a Sc/Si ML mirror deposited onto a spherical substrate (the reflectivity R ∼ 35% at 46.9 nm). The samples were mounted on a brass sample holder attached to a motorized XYZ translation stage (figure 1). The focusing mirror was located behind the sample, approximately 1.45 m from the exit of the laser. Thus the sample and the holder were shadowing a small portion of the laser beam that had a diameter of 13 mm in this location. The advantage of this configuration is that it allows the laser beam to be focused onto the sample at normal incidence, minimizing the aberrations introduced by the focusing mirror. The laser fluence on the sample surface could be varied within the range 0.01-10.00 J cm −2 by changing the position of the sample with respect to the focal spot along the laser beam axis. For irradiation of a large area (∼2 × 2 mm 2 ) the sample position was continuously scanned in the direction normal to the beam while the laser was running at 1 Hz.
The irradiated samples were studied using scanning electron microscopy (SEM), transmission electron microscopy (TEM), selected-area electron diffraction (SAED) and x-ray reflectivity techniques. The images of the surface patterns of the irradiated MLs were taken with a JEOL JSM-820 scanning electron microscope. The cross-sectional images of the layered structure and interfaces were obtained with a transmission electron microscope PEM-U (SELMI, Ukraine) at an accelerating voltage of 100 kV with point-by-point resolution of better than 0.3 nm. The procedures used in the preparation of the cross-sections of the samples are similar to those described in [47, 48] . Briefly, we started with mechanical thinning followed by ion etching. Xe + -ions with an energy of 4.5 keV were used at the first stage of etching and then at the final stage the ion energy was decreased down to 2 keV for fine etching. The temperature of the samples did not exceed T = 100
• C during all stages. Separately, for in-plane TEM, Si/Sc/Si three-layer films were prepared with layer thicknesses similar to those in the ML samples. Subsequently, such coatings were detached from the substrate using a standard technique and attached onto a microscopic grid. In this state they were exposed to the focused EUV radiation.
X-ray reflectivity at λ = 0.154 nm was used to define the characteristics of both the as-grown and the irradiated ML samples. The measurements were made with a diffractometer DRON-3M (NPO 'Burevestnik', Russia) assembled as a double-crystal spectrometer with a (2 2 0) Si monochromator. Processing of the resulting reflection curves allowed us to determine the ML period with an accuracy better than 0.2%.
For the detailed study of processes taking place in the Sc/Si MLs at low fluences (F < 0.3 J cm −2 ) corresponding to near-threshold conditions, we prepared special samples with an irradiated area of ∼2 × 2 mm 2 ( figure 2(a) ). Preparation of such samples allowed us also to conduct x-ray studies and substantially facilitated the preparation of the cross-sectional specimens for transmission electron microscopy. Figure 2 shows the scanning electron microscopy (SEM) images of four samples irradiated with mean EUV fluences of
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(#3) and ∼0.04 J cm −2 (#4). These fluences correspond to single laser imprints with nominal diameters of ∼160 µm, ∼240 µm, ∼310 µm and ∼400 µm, respectively. Figure 2 also demonstrates uniform irradiation coverage in a relatively large area (2 × 2 mm 2 ), which was possible due to the high pulse energy and high repetition rate of the EUV laser. To the best of our knowledge, such large area surface modification with coherent EUV radiation has never been done before.
A sample irradiated with a fluence of 0.23 J cm −2 is shown in figures 2(a) and (b). SEM images of the irradiated area reveal the formation of a visible surface roughness and a net of cracks, which are commonly observed in molten surfaces. The central unexposed area of a rectangular shape (figure 2(b)) is formed by the shadow of the sample and the sample holder (see figure 1 and [42] ). Reducing the fluence down to ∼0.10 J cm −2 leads to a reduction in the portion of the molten area within the laser imprint (figure 2(c)). The molten area reproduces the annular shape of the focused laser beam with a 50-60 µm wide ring. At the periphery of the laser imprint a 4-16 µm wide area of apparent discoloration is also revealed in the images obtained with secondary electrons. It can be speculated that the ML coating in this area was subjected to heating, although the temperature did not reach the level required for melting. At the irradiation fluence of ∼0.08 J cm −2 the portion of the molten area further decreases (figure 2(d)). Reducing the fluence to ∼0.04 J cm −2 results in discoloration of only negligible small spots, whereas the overall area of the noticeable damage in the Sc/Si ML coating is less than 3% (figure 2(f )). We therefore conclude that the damage threshold for melting of the investigated MLs is ∼0.08 J cm −2 . We note here that the discoloration was observed only in the images obtained with secondary electrons (sampling depth ∼10 nm) (figure 2(e) top), and not with reflected electrons (sampling depth ∼300 nm) (figure 2(e) bottom). This finding suggests that only a narrow, less than one period, surface layer is modified upon irradiation of the ML coating at these fluences.
The results for the irradiated samples shown in figure 2 are summarized in table 1. The last column of the table describes characteristic features of the damage for each fluence. For sample #1 the melting (always followed by cracking) is a dominating mechanism of the ML degradation. As the fluence is reduced, the beam inhomogeneity starts to manifest itself in an appearance of discoloured areas (heated below melting temperature) coexisting with the areas of molten material. Further reduction of the fluence leads to the gradual reduction of the molten area portion; while the portion of the discoloured area increases and becomes largest (samples #2 and #3). In sample #4 we see only traces of the irradiation damage associated with fluence fluctuations. Since table 1 gives only mean values of the fluence within the laser imprint, we assume that in the absence of fluctuations the damage traces in sample #4 most likely would not appear. Indeed, our estimations suggest that the surface of sample #2 melts roughly in the middle of the laser pulse duration, whereas the surface of sample #3 is expected to melt only by the very end of the pulse (in our estimation we neglected the heat removal from the surface).
X-ray reflectometry (λ = 0.154 nm)
X-ray reflectivity spectra revealed features typical for the MLs in all the exposed samples. Figure 3 illustrates two such spectra for samples #1 and #2 subjected to fluences of 0.23 (figure 2(a)) and 0.10 J cm −2 (figure 2(c)). The reflectivity spectra are shown only for the angles 2θ > 3
• since at smaller angles the 0.05 mm wide x-ray beam catches the undamaged sample area outside the 2 × 2 mm 2 irradiated spot. As can be seen from figure 3 the angle positions of each Bragg maxima for irradiated samples coincide with those for the same samples in the as-deposited state. However, the peak intensities dropped noticeably compared with the initial state. Thus, for example, at the EUV fluence of ∼0.23 J cm −2 the peak intensity reductions are 75-85%, whereas at 0.10 J cm −2 they are only 20-35%. The reflectivities of Bragg maxima in the as-deposited state and after irradiation do not differ significantly (±1%) at lower fluences. These experimental observations indicate that only the top portion of the ML coating is typically molten as the result of irradiation with EUV beam. The rest of the structure does not undergo noticeable changes. The ratio of Bragg intensities measured before and after irradiation provides information about the thickness of the molten layer. Our estimates based on this parameter result in an average molten layer thickness of 350 ± 70 nm (or 16 ± 3 periods) for sample #1 and 88 ± 40 nm (or 4 ± 2 periods) for sample #2. In these calculations we assumed uniform irradiation coverage of the entire surface of the samples and that the alloy in the molten layer has a composition close to Sc 3 Si 5 silicide (close to the nominal atomic ratio of Sc and Si).
Transmission electron microscopy
3.3.1.
Three-layer samples.
To analyse the phase transformations in the irradiated MLs at near-threshold fluences we investigated samples composed of three layers: Si(27.0 nm)/Sc(13.5 nm)/Si(13.5 nm). Such thinfilm structures have sufficient transparency for the electron microscopy and compared with MLs supported by a substrate are better suited for selecting and visualizing areas with a certain type of damage over the large field of the sample. The three-layer structures supported by a copper grid were exposed to the EUV fluence of ∼0.10 J cm −2 , which resulted in the formation of through holes in the samples. The hole formation is associated with melting, rolling up due to surface tension and mechanical separation, rather than laser ablation. Outside the holes the fluence is gradually decaying below the melting threshold. In this region one can see essential changes in the structure and the phase composition of the three-layer. The electron microscopy (figures 4(a) and (c)) and SAED ( figure 4(b) ) show that the amorphous silicon (a-Si) and the crystalline scandium (c-Sc) found in the as-deposited state are transformed into crystalline silicide c-Sc 3 Si 5 (with grain dimension of 100-150 nm) and c-Si ( figure 4(a) ). We observe this structure over a distance of ∼18 µm from the hole edge. As we move further away from the edge an additional ∼2 µm, the structure and phase changes occur in the following order: c-Sc 3 Si 5 +c-Si → c-Sc 3 Si 5 +a-Si → c-Sc+a-Si (figures 4(a) and (c)). As the c-Si phase disappears the grain size reduces to 50-100 nm. This is consistent with a lowering of the temperature of the material. At ∼20 µm from the hole edge the silicide lines in the SAED disappear, and c-Sc lines appear instead. Beyond ∼20 µm the three-layer again consists of c-Sc (grain size of 5-10 nm) and a-Si as in the as-deposited state.
These structural and phase transformations, ending in a transition to the as-grown state as we move away from the hole edge, are closely related to the reduction of the local laser fluence towards the beam periphery and the corresponding reduction in temperature. Based on the results of the analysis in this section we can suggest that one of the stages in the Sc/Si ML degradation process under the EUV laser irradiation may be an interlayer diffusion interaction [46] resulting in silicide formation which proceeds in a solid state.
Cross-sections of the ML samples.
Cross-sectional TEM images of the Sc/Si ML mirrors irradiated at the fluence of ∼0.1 J cm −2 ( figure 5(a) ) reveal two distinct zones: a molten zone (MZ) at the top of the ML and a layered zone near the substrate. The thickness of the MZ is ∼280 nm ( figure 5(a) ) and the number of layered periods is 19 (out of 33 in the asdeposited state). It is worth noting that the MZ thickness varies quite substantially across the irradiated area of the ML. Thus, within ∼10 µm of the field shown in figure 5(a) , the MZ thickness varies from ∼170 up to ∼530 nm. This variation is the effect of radial non-uniformity of the irradiating beam. The MZ thickness revealed here with the TEM is significantly larger than that estimated in section 3.2 with x-rays for the same sample (#2). The reason for this difference is that with TEM we are imaging only a small segment of the sample, whereas the x-ray diffraction provides an averaged signal for the entire irradiated area.
According to SAED measurements, the MZ represents an alloy of c-Sc 3 Si 5 and c-Si. From the nominal ratio of components, we estimate that the chemical interaction of components during the formation of the Sc 3 Si 5 silicide should result in complete consumption of Sc with minor excess of Si. Using large-scale cross-section images of the ML structures ( figure 5(a) ), we evaluated the shrinkage of the coating in the MZ. It was found that there was a decrease of 20-26 vol% on average, which is in good agreement with the value expected in the studied ML coating due to the formation of Sc 3 Si 5 . This also suggests that at ∼0.1 J cm −2 of irradiation fluence there is no noticeable evaporation of the coating material from the surface. Detailed analysis of the TEM images also reveals another region, a part of the layered zone that is confined between the molten and unchanged zones: a heat-affected zone [49] (HAZ) (figures 5(b) and (c)). Within this zone, a few layers differ by thickness and structure from the rest of the layers in the layered zone. Thus, in the area with 19 unchanged periods shown in figure 5 (b) the HAZ has four periods with Sc-containing layers indicated by Roman numerals from I to IV. We observe here that the ScSi interlayers in the Sc-containing layers III and IV became only slightly thicker, whereas the Sc-containing layers I and II are noticeably widened, and the pure c-Sc layer disappears.
It is also interesting to note that the number of layers involved in the HAZ correlates inversely with the thickness of the MZ. We have found that in the MLs where only a small number of periods is damaged (N < 8-14 periods) the HAZ extends over three or four periods ( figure 5(b) ), whereas the structures with a larger thickness of the MZ are characterized by relatively abrupt HAZ (about two periods) with some residual c-Sc layer in the first layer adjacent to the MZ ( figure 5(c) ). The reason for the HAZ thickness increasing from about two periods for a relatively deep MZ (thickness more than 0.5 µm) up to four periods for a relatively shallow MZ (<0.3 µm) is not clear at present. A possible explanation is that the shallow MZ transmits more EUV light into the underlying layers that are transformed by this emission.
Using the method described earlier [16, 48] , we have estimated the consumption of components based on tabulated densities of pure components [50] and silicides [51] to find that the interlayer widening for layers III and IV is at the expense and 3.39 g cm −3 , respectively), the observed contrast has a diffractive rather than absorptive nature. It means that one of the silicides crystallized, and its crystallites appeared in a reflecting position, thus forming a dark area in the top portion of the layer. We are inclined to ascribe this feature to Sc 3 Si 5 because this silicide is expected to appear in the top, higher temperature portion of the layer. This explanation is in agreement with our earlier investigation of the isothermally annealed Sc/Si MLs where formation of a-ScSi silicide and its subsequent transformation into c-Sc 3 Si 5 at higher temperatures was observed upon full consumption of Sc-layers [52] .
We have also evaluated the consumption of the elemental components in the reaction at each interface separately. We began with the periods where some c-Sc was left (for example, layers III and IV in figure 5(b) ). Then using obtained data as well as changes in thickness of both Sc-containing layers and adjoining Si layers, the component consumption within periods containing no traces of c-Sc (layers I and II in figure 5(b) ) was defined. Figure 6 shows the results of the evaluation for Si consumption at each interlayer in the HAZ for four different regions of sample #2, namely A-26, B-14, C-25 and D-14. The numbers in the region designations indicate the number of molten periods in the MZ of each region. The values of Sc consumption are not presented here due to their similarity to those for Si. Besides, as we determined earlier for the Sc/Si system [53, 54] , silicon is the dominant diffusant. Thus, it is the Si atom activity that governs the diffusion kinetics.
Analysis of figure 6 reveals two features in the behaviour of Si consumption as a function of the interface distance from the MZ: (1) an order of magnitude oscillations near the MZ with an amplitude significantly decaying over 3-4 interfaces and (2) indicates the predominance of Si-diffusion flux through the top Sc interfaces. We consider that upon irradiation of the ML coating with a laser pulse, a heat wave moving from the top of the ML appears creating a time gradient. As the wave propagates deep into the ML it is decaying due to ML heat capacity and heat removal. Besides, the temperature within each layer, as was shown for nanoscale MLs [55] , varies negligibly compared with the temperature drop at the interfaces. These three factors result in a temperature difference between adjacent Sc interfaces on a fast timescale. In the presence of the temperature gradient and due to the finite thickness of Sc layers, the Sc/Si ML system initially transforms to ScSi/Si at the expense of Si atoms preferentially diffusing through the top Sc interface. The gradient of chemical potential which is the driving force for Si-atom diffusion drops, and this decreases the subsequent Sidiffusion flux at both Sc interfaces. As a result the total Si flux through the bottom Sc interface slows down so much that it becomes smaller than the flux at the top Sc interface not only for the given period but also for the next underlying one.
For those periods where some pure Sc is still present after the radiation-induced heating, we observe a monotonic decay in Si consumption (figure 6). Due to the lower temperature in this region of the HAZ the Si diffusion through the top Sc interface is comparatively slow to consume scandium entirely. As a result, the chemical potential gradient for Si atoms diffusing at the bottom interface is close to that for Si atoms diffusing from the top. Under these conditions, only the interface temperature defines the consumption of Si at both interfaces.
As the densities of thin films can differ from the tabulated values, we also estimated possible modifications of dependences shown in figure 6 due to such variations. We have found that the oscillating character of the Si consumption remains unchanged if the densities of only silicides are, for instance, smaller than the tabulated values by as much as 10%, although the amplitude of the oscillations reduces by almost a half. If silicides, Sc and Si densities were off by the same amount, the dependence would remain the same.
We can evaluate the temperature gradient in the HAZ assuming that the diffusion mechanism is the same for all interfaces therein. For the diffusivity being D ∼ (x 2 − x 2 0 )/τ (x 0 -initial silicide thickness, x-silicide thickness at certain interface in the HAZ, τ -diffusion time) the diffusion time is cancelled in the ratio of diffusivities at different interfaces and then Si consumption can be used as the measure of the diffusion length. We used activation energy of ε a = 0.57 eV obtained earlier in our 1 h annealing study of Sc/Si MLs to solve equations set for diffusivity ratios. The estimated temperatures are shown in figure 7 for the case where the temperature at the MZ/HAZ boundary is taken at ∼1430 K-the temperature of the low-melting eutectic Sc-Si binary alloy system [56] . The temperature gradient is defined using temperature values at the top interfaces mainly (especially in the high-temperature portion) as diffusion here dominates ( figure 6 ). The slope ratio of the lines drawn through the experimental points gives the corresponding temperature gradients (figure 7 25-26 periods) . These values represent the lower limits of temperature gradients as in the periods of the HAZ, where c-Sc is consumed. The diffusion at the top interfaces is also suppressed due to the finite thickness of the Sc layer, just as it is at the bottom interfaces.
Discussion
One of our intentions was to establish a correlation between the fluence value and certain structural changes in the ML samples. In particular, we wanted to know whether there is a basic mechanism of ML degradation for each fluence or whether deterioration of EUV optical properties was connected with the combined effect of several physical processes. In this work we observed three different degradation mechanisms to be considered: (1) melting of surface layers (see sections 3.1, 3.2 and 3.3.2); (2) surface damage within ∼1 period (section 3.1) and (3) interdiffusion of layers (section 3.3.1). To clarify the contribution of each mechanism we performed model calculations. We assumed that the Sc/Si ML consisted of pure crystalline Sc and crystalline Si with tabulated densities (3.0 g cm −3 and 2.3 g cm −3 , correspondingly). The portion of scandium, β, in the period was 0.4 (period d = 10.8 nm (Sc)+16.2 nm (Si)), which corresponded to a nominal portion of Sc in the samples. With such β the atomic ratio between components is in a proportion close to 3 : 5. In this initial simulation the presence of ScSi interlayers is not considered yet.
We can calculate the temperature of the individual layers using absorption values given by Henke et al [57] and tabulate thermal constants for the bulk materials without heat removal first and then evaluate the amount of heat removal. We took into consideration that ∼30% of the incident laser radiation is reflected by the ML sample itself. After two reflections (from the focusing mirror (∼35%) and the ML sample) the mean energy of laser radiation absorbed in each ML for one shot is ∼3.2 × 10 −5 J. Most of the EUV laser energy (>80%) that is exponentially decaying in the ML is absorbed within the volume of the top 7 periods. Under this energy the top Si-layer of sample #2 (diameter of laser spot is ∼240 µm) should be heated up to ∼2080 K and the Sc layer up to ∼2400 K, which corresponds to a mean temperature value of ∼2240 K for the first period. Averaging the temperature over each period we get a mean temperature gradient of ∼175
• per period or ∼6 × 10 9 degree m −1 . Based on the heat conduction equation (q = − grad T ), we obtain that a heat-flux density, q, with a mean heat-conduction coefficient ∼ 20 W m −1 K −1 (estimated from the tabulated data [50] ) amounts to ∼1.2 × 10 11 W m −2 , i.e. for a time of ∼1.2 ns (time being comparable to the laser pulse duration) only an energy of ∼5.6×10 −6 J, or less than 20% of all absorbed laser energy, can be removed from the irradiated volume by the heat conduction. This percentage is practically the same (does not exceed 25%) for the intensities across the EUV laser beam. This means that even in the presence of the heat removal our crude estimations of temperatures remain relevant.
The calculation also indicates that within the laser spot of sample #2 (F ∼ 0.1 J cm −2 ) only the two top periods could melt. As a result of energy fluctuation across the laser beam this value can reach a maximum of up to 4 periods. In the hypothetical case where all absorbed energy is released at the ML subsurface only, it may melt at most the 8 top periods. However, experimentally observed MZ spans up to 26 periods, that is at least three times as large as the most favourable prediction. This discrepancy can be understood if we consider two effects described in the following.
First. An additional thermal energy can arise due to the reaction of silicide formation in Sc-Si binary system [58, 59] . For example, the enthalpy of the reaction Sc + Si = ScSi is ∇H 0 ∼ −87 kJ mol −1 [58] . Taking into account entropy [58] the Gibbs free energy at 1430 K reduces to ∼ −70 kJ mol −1 . This energy (∼ 2.4 × 10 −6 J) is sufficient to heat up and melt the volume by itself (in addition to the laser heating) and it is comparable to the energy absorbed in each of the top periods. It is known from the previous work [60] that diffusivities of silicon in liquid metals can reach D ∼ 10 −4 -10 −5 cm 2 s −1 . With such diffusivities all the silicon atoms should diffuse into the Sc layers with the formation of ScSi within ∼3-30 ns, correspondingly. This also defines the minimal time scale for heat release during silicide formation. Taking into account that the laser pulse can melt top layers of the ML in a shorter time, it is possible that the reaction and the heat release run in a liquid state. Second. Let us evaluate the heat removal at the melt boundary deep into the ML sample. Thermal gradient in the HAZ can be as high as ∼10 10 degree m −1 (see section 3.3.2). Assuming ∼ 20 W m −1 K −1 we find that all energy released during silicide formation in the 4 top periods (∼10 −6 J) should be removed deep into the ML for ∼1 ns. This means that either we should not observe the melting of ML deeper than 4 periods or the released heat is not removed so fast. It is known that both metals [61, 62] and semiconductors [63] [64] [65] in thin-film configuration can have significantly lower heat conduction compared with bulk materials. Furthermore, as was shown for superlattices [55, 66] and for metallic MLs [67] with layer thickness on the same scale as the Sc/Si MLs investigated here, the heat conduction can be reduced by an order of magnitude compared with the bulk value. Comparing the evaluation of heat removal time in the HAZ with the characteristic diffusion time, we can conclude that the mean heat conduction of the studied samples takes about one-tenth of the bulk, and its average value is ∼2 W m −1 K −1 or even less. This is perhaps one of the main reasons for the low damage threshold in Sc/Si MLs compared with bulk silicon [43] .
It is worth noting that the heat generated by the EUV light does not spread much beyond the illuminated spot. The maximum expansion of the MZ in depth, as shown above experimentally, is ∼0.7 µm (or 26 periods). So the appearance of discolored areas at the periphery of the irradiated spot ( figure 2(e) ), which extends up to 16 µm (see table 1), is the direct result of laser exposure and not the expansion of the HAZ.
Thus, the process of heating the ML at fluences exceeding the melting threshold (F > 0.08 J cm −2 ) should pass through the following stages: (1) heating the ML surface up to a melting temperature without essential modification of the layered structure; (2) melting of the individual layers and their interdiffusion; (3) silicide formation, heat release and heating the sample and (4) subsequent heating and melting of deeper regions. Upon the melting and intermixing of the layers, heat conduction of the relatively homogeneous liquid increases compared with the layered region, and temperature within the melt homogenizes. As the MZ expands further, due to the difference in the heat conduction of the liquid and the ML the energy released in the reaction in the new regions is mainly confined to the molten state. The melt temperature, which reaches a maximum value in the few surface periods melted by the laser, decreases gradually due to the heat removal. At some point, as the molten material cools down and crystallizes, the cooling rate of the MZ slows down near the crystallization temperature. The HAZ is formed during this transition.
The second mechanism of degradation (surface damage within ∼1 period, visible in SEM pictures as discoloration) can be explained by the sublimation of surface oxide. It is well known [68] that a 1.5-3.0 nm layer of SiO 2−x is formed on the surface of a a-Si film exposed to atmosphere. Due to the high absorption of EUV light at λ = 46.9 nm by oxygen, this thin passivating layer receives more than twice as much energy as the first ML period. Our estimates show that in sample #2 the absorbed energy is sufficient to warm the oxide layer up to a boiling temperature (T b = 3223 K) [69] . However, as it is reported in [70] , at ∼1500 K SiO 2 has a noticeable evaporation rate. Our estimation shows that sublimation of the oxide film can occur at F 0.01 J cm −2 , i.e. for all the samples studied. This is consistent with the experimental observations (see figure 2 and table 1 ). Due to possible fluctuations in the structure of the oxide layer, its composition, its thickness and the density over the surface, it can evaporate non-uniformly. So we associate the appearance of discolorations in the SEM images (figure 2) with a roughening of the ML surface, which the secondary electrons in SEM are sensitive to (section 3.1).
In our experiments diffusion as a result of direct influence of the laser radiation is quite well observed in the three-layer samples (section 3.3.1). Here the heat removal is lower by a factor of ∼10 3 than that in the MLs on a substrate since it is possible along the layers only. The diffusion in the ML depends on the heat conduction of the layered matter and diffusive mobility of atoms, i.e. on the ratio of the values of heat removal and total energy of both the absorbed energy (from laser) and the heat released in the reaction. Considering now the non-ideal Sc/Si MLs, the presence of ScSi interlayers leads, on the one hand, to a lower heat generation due to a smaller amount of interacting materials. This should shift the onset of the noticeable diffusion processes up into the region of the melt temperatures. On the other hand, the increased number of interfaces per one ML period should additionally reduce the ML heat conduction. The latter, in our opinion, plays the key role in melting the ML region deeper than 8 periods due to the low heat removal. In other words ScSi interlayers should make the heat effects described above more pronounced.
It is worth noting that a superposition of successive laser shots visible in figure 2 does not substantially affect the damage pattern as a consequence of 'additive effect'. Fluences lower than or comparable to that for the original exposure do not change the damage area (as visible in figure 2(b) ) since the primary heat release should already be over, and the laser energy is not localized any more at the ML surface due to low heat conductivity of the layered surface. In the case of a significant overlap of two exposed areas, where the second exposure has a higher fluence, the effect of the first exposure is a minor contribution to the damage produced by the following laser pulse.
Thus, the melting of ML surface under the influence of laser pulses for F 0.08 J cm −2 is the main mechanism of mirror degradation that is accompanied by the interdiffusion. Sublimation of the SiO 2−x layer takes place at all EUV fluences used in this work, although this event cannot be considered as a degradation in a full sense, as the reflectivity can rise after oxide removal. Excessive accumulation of heat in the SiO 2−x layer, however, may also facilitate the triggering of the exothermic reaction of silicide formation from the top Si-Sc interface.
Conclusions
In this work we studied the damage mechanisms of Sc/Si ML mirrors irradiated with intense nanosecond EUV single pulses from a capillary-discharge laser operating at 46.9 nm. The study is based on detailed microscopic and macroscopic analysis of the layer structure in the MLs irradiated with laser fluences in the 0.04-0.23 J cm −2 range. Melting of subsurface layers at the laser fluences F 0.08 J cm −2 is found to be the basic mechanism of mirror degradation. This fluence threshold is an order of magnitude lower than the similar threshold value for single-crystal Si wafer [44] . Exothermic reaction of Sc and Si leading to silicide formation is a significant source of additional heat that increases the damaged volume of Sc/Si ML at least six fold with respect to that directly caused by the EUV laser irradiation. Layered matter of the samples has decreased heat conduction compared with the values for pure bulk materials. As a result, a significant heat accumulation takes place in the irradiated ML surface. Heat generation and low heat conduction are the two main factors leading to the dramatic reduction of threshold fluences for ML samples, which is in good agreement with our earlier study [43] .
Interdiffusion of layers in the HAZ underneath the molten layers necessarily associated with melting is an accompanying mechanism of degradation. We did not observe evidence of solid-phase interdiffusion in the layers of Sc and Si as a result of direct laser irradiation.
At fluences of 0.08 F 0.23 J cm −2 three different stacked zones can be discerned within the volume of Sc/Si ML mirrors: (1) a zone of entirely molten matter consisting mainly of Sc 3 Si 5 silicide at the surface of the ML, (2) a HAZ with partially reacted layers; the layer structure in this zone successively changes from (c-Sc 3 Si 5 +ScSi)/a-Si near the MZ to a-ScSi/c-Sc/a-ScSi/a-Si and (3) a zone retaining the initial ML structure. The thickness of the HAZ amounts to ∼0.05-0.10 µm or 2-4 ML periods. The phase composition in the different zones of the irradiated Sc/Si ML resembles that in the Sc/Si MLs after 1 h annealing in 400-800 K temperature range [52] .
We observed the inverse correlation between the thickness of the MZ and the thickness of the HAZ: the larger HAZs (spanning ∼4 periods) were found under smaller (<0.3 µm) MZs, whereas the smallest HAZs ( 2 periods) were observed under large (>0.5 µm) MZs. The temperature gradients in the HAZs were estimated to be ∼1 × 10 10 degree m −1 .
Large temperature gradients between adjacent interfaces in the HAZs, which are arising dynamically under irradiation, and the finite layer thicknesses lead to an asymmetric consumption of Si in Sc-Si solid-state reaction, with Si diffusing predominately through the top Sc interfaces. As a result, Si consumption as a function of interface location has an oscillating character.
The high degree of phase and structural non-equilibrium of the layered Sc/Si system makes it rather sensitive to irradiation. Suppressing the interlayer interaction can increase the damage threshold. This can be accomplished, for instance, by adding diffusion barrier layers at the Sc-Si and Si-Sc interfaces. The viability of this technique has already been demonstrated [71] [72] [73] which resulted in the significant improvement of thermal stability. Alternatively, the interlayer diffusion interaction can also be suppressed by using equilibrium materials [19] , namely Sc 3 Si 5 (in place of c-Sc) and Si. The use of these techniques is expected to improve the radiation stability of the Sc/Si ML mirrors, although additional studies are required to assess the effect of these changes on the reflectivity of such mirrors.
